Microtubules are filamentous structures necessary for cell division, motility and morphology, 45 with dynamics critically regulated by microtubule-associated proteins (MAPs). We outline 46 the molecular mechanism by which the MAP, COMPANION OF CELLULOSE 47 SYNTHASE1 (CC1), controls microtubule bundling and dynamics to sustain plant growth 48 under salt stress. CC1 contains an intrinsically disordered N-terminus that links microtubules 49 at evenly distributed distances through four conserved hydrophobic regions. NMR analyses 50 revealed that two neighboring residues in the first hydrophobic binding motif are crucial for 51 the microtubule interaction, which we confirmed through live cell analyses. The microtubule-52 binding mechanism of CC1 is remarkably similar to that of the prominent neuropathology-53 related protein Tau, indicating evolutionary convergence of MAP functions across animal and 54 plant cells. 55 56 Introduction 57 Microtubules are tubular structures essential to morphogenesis, division and motility in 58 eukaryotic cells 1 . While animal cells typically contain a centrosome with radiating 59 microtubules toward the cell periphery, growing plant cells arrange their microtubules along 60 the cell cortex 2 . A major function of the cortical microtubules in plant cells is to direct the 61 synthesis of cellulose, a fundamental component of the cell wall essential to plant 62 morphology 3 . Cellulose is produced at the plasma membrane by Cellulose Synthase (CESA) 63 protein complexes (CSCs; 4 ) that display catalytically-driven motility along the membrane 3 . 64 The recently described microtubule-associated protein (MAP), Companion of Cellulose 65 Synthase1 (CC1), is an integral component of the CSC and sustains cellulose synthesis by 66
The N-terminus of CC1 is Intrinsically Unstructured and Engages with Microtubules 138 through Four Hydrophobic Motifs 139 To understand how CC1ΔC223 engages with microtubules, we assessed its structural features 140 using solution state NMR, circular dichroism spectroscopy (CD) and analytical 141 ultracentrifugation (AUC). The 2D 1 H-15 N-heteronuclear single quantum coherence spectrum 142 of 15 N-labeled CC1ΔC223 showed narrow signals and poor chemical shift dispersion in the 143 1 H dimension, which is characteristic for intrinsically disordered proteins (Fig. 3A) . For the 144 sequence-specific assignment, we used a combination of three-dimensional and four-145 dimensional experiments with non-uniform sampling to assign ~85 % of the backbone 146 resonances. The disordered nature of CC1ΔC223 was supported via multiple sequence data 147 analysis algorithms and CD measurements ( Fig. S3 A, Fig. 3 B) . AUC analysis revealed only 148 elongated monomeric forms of the protein in solution (Fig. 3C ). Secondary structure 149 propensities were estimated by generating chemical shift indices (CSI) . For this purpose, 150 experimental Cα and Cβ chemical shifts were subtracted from the respective random coil 151 values for each amino acid type. The resulting CSI revealed few and rather scattered 152 deviations from random coil values ( Figure 3D ). Moreover, the uniform and fast dynamics 153 and chemical shift indices of CC1ΔC223 are consistent with a disordered, highly dynamic 154 and monomeric state in solution ( Fig. S3 , B to D), similar to the members of the 155 Tau/MAP2/MAP4 family.
156
To study CC1ΔC223-microtubule interactions in a residue-specific manner, we 157 recorded 1 H-15 N HSQC spectra of 15 N-labeled CC1ΔC223 in the presence and absence of 158 paclitaxel-stabilized microtubules. We observed line broadening and vanishing of individual 159 cross-peaks when microtubules were added (Fig. 4, A and B) . The effects of the microtubules 160 on the transverse relaxation rate (ΔR2) of CC1ΔC223 signals were reversible, independent of 161 the magnetic field, residue specific, did not correlate with the chemical shift changes, and 162 relaxation dispersion experiments did not show contributions of intermediate exchange ( Fig.   163 S4, A to G). To conclude, the line broadening is a direct result of CC1ΔC223-microtubule 164 complex formation. Figure 4C shows the intensity ratios of cross-peaks taken from 3D 165 HNCA spectra of 15 N, 13 C-labeled CC1ΔC223 in the presence and the absence of 166 microtubules (Ibound/Ifree) per residue. A significant intensity decrease is observed in four 167 regions, comprising residues 23 RPVYYVQS 30 , 45 FHSTPVLSPM 54 , 74 FSGSLKPG 83 and 168 103 QWKECAVI 110 (Fig. 4C ). Due to signal overlap, the region between residues 60 and 80 is 169 not well covered. We found a clear correlation between the NMR-based microtubule-170 interaction profile and the hydrophobicity pattern of CC1ΔC223, highlighting the role of 171 hydrophobic interactions (Fig. 4D ). The binding motifs are separated by stretches of mobile 172 residues, presumably acting as linkers that are likely to retain a high degree of flexibility thus 173 facilitating a highly dynamic interaction with microtubules. This binding behavior is 174 reminiscent to that of Tau 23 , and the microtubule-binding regions of CC1ΔC223 also share remarkable similarities in hydrophobicity, size, sequence, and spacing with those of the 176 microtubule-binding regions of Tau(201-320) ( Fig. 4E and Fig. S4H ). when grown on salt-containing media as compared to controls (Fig. 5 , A to C) Spinning-disc 204 confocal microscopy showed GFP-CC1YYAA signals as distinct foci at the plasma 205 membrane (Movie S2) and within cytoplasmic compartments in dark-grown Arabidopsis 206 hypocotyl cells, in accordance with reports on GFP-CC1 ( 5 ; Fig. S6 , A to C). GFP-CC1 co-207 localizes and migrates with tdTomato(tdT)-CESA6, which is an important subunit of the CSC 208 24 , at the plasma membrane 5 . Notably, the GFP-CC1YYAA also co-migrated with tdT-209 CESA6 at the plasma membrane ( Fig. S6 , A to E) (Pearson correlation coefficient r = 0.74 ± 210 0.06; 6 cells from 6 seedlings and 3 biological replicates). However, in contrast to GFP-CC1, 211 the migration of GFP-CC1YYAA was largely independent of cortical microtubules (mCherry 212 (mCh)-TUA5; 25 ; Fig. 5 , D to F). This indicates that reduced microtubule binding of GFP-213 CC1YYAA either directly affects the ability of CSCs to engage with microtubules, or that the 214 microtubule array is mis-regulated and cannot fulfil its guiding function anymore.
215
To investigate if the CC1YYAA can sustain microtubule and CSC function during 216 salt exposure, we exposed seedlings to 200 mM salt and recorded time series of microtubule 217 (mCh-TUA5) and CC1 (GFP-CC1 or GFP-CC1YYAA) behavior (Fig. S6F) . The GFP-CC 218 proteins (either GFP-CC1 or GFP-CC1YYAA) were considered as proxy for the CSC behavior because they co-localize and migrate together with tdT-CESA6. In agreement with 220 5 , the microtubule array and cellulose synthesis were restored within 28 hours of salt 221 exposure in the GFP-CC1-complemented cc1cc2 seedlings (Fig. 5G) . However, the cc1cc2 222 GFP-CC1YYAA-complemented seedlings largely mimicked the cc1cc2 mutant seedlings and 223 failed to restore the microtubule array and cellulose synthesis during the course of the 224 experiment (Fig. 5G) . Interestingly, while the cc1cc2 GFP-CC1 line showed increased 225 microtubule bundling of the salt-adjusted microtubule array, the cc1cc2 GFP-CC1YYAA 226 cells failed to do so (Fig. 5F ). Furthermore, the microtubule dynamics differed in the GFP-227 CC1 and GFP-CC1YYAA cell lines (Fig. S6, G and H) , indicating that the microtubule 228 dynamics and bundling are key to build a salt-tolerant microtubule array. Hence, the YY-229 containing region of CC1 is necessary to sustain microtubule array organization and cellulose 230 synthesis during salt stress.
232

Discussion
233
Abiotic stress, such as soil salinity, substantially impacts plant growth 26 and thus 234 dramatically compromises global agricultural productivity (~50-80 % loss in yield; 27, 28 ).
235
Unravelling molecular mechanisms that can be used to engineer plants for better stress 236 tolerance is therefore of urgent importance. We propose that the microtubule-binding regions microtubule array, with evenly distributed microtubules along the cell cortex 2 . We speculate 274 that the differences in the protein domains and topologies of Tau and CC1 coincide with the 275 microtubule array organization. CC1 is a core component of the CSC (Fig. 6) , which is 276 primarily localized on cortical microtubule bundles 3 and its movement is guided by cortical 277 microtubules in plant interphase cells 3 . Hence, the CC1 proteins are superbly situated to 278 modulate microtubule dynamics and bundling to optimize cellulose synthesis under different 279 environmental conditions. Our results thus support striking similarities for how plant cells 280 and neurons control microtubule bundling and dynamics in the context of the microtubule 281 array organization. In this setting, the CC1 microtubule-binding motif that contains the two 282 tyrosine residues essential for stress-stable microtubule array formation is most distal to the 283 plasma membrane. Given the local environment of CC1, i.e. being part of the CSC and 284 integral to the plasma membrane, this distal motif might be the most prominently exposed of 285 the four microtubule-binding motifs and therefore also most prominent in the microtubule 
